Metabolic reprogramming is a hallmark of cancer cells. Strap (stress-responsive activator of p300) is a novel TPR motif OB-fold protein that contributes to p53 transcriptional activation. We show here that, in addition to its established transcriptional role, Strap is localised at mitochondria where one of its key interaction partners is ATP synthase. Significantly, the interaction between Strap and ATP synthase downregulates mitochondrial ATP production. Under glucose-limiting conditions, cancer cells are sensitised by mitochondrial Strap to apoptosis, which is rescued by supplementing cells with an extracellular source of ATP. Furthermore, Strap augments the apoptotic effects of mitochondrial p53. These findings define Strap as a dual regulator of cellular reprogramming: first as a nuclear transcription cofactor and second in the direct regulation of mitochondrial respiration. 
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Early observations that tumour cells had persistently high glycolysis even under aerobic conditions led to the suggestion that this underlying metabolic change was fundamental to the process of tumourigenesis. 2 In normal cells, ATP production is primarily produced in mitochondria by oxidative phosphorylation, driven by the TCA cycle in the presence of oxygen. 3 When energy is needed rapidly or oxygen becomes limiting, cells turn on glycolysis to meet the extra energy demands. In contrast, tumour cells consume large amounts of glucose and maintain high levels of glycolysis even in the presence of oxygen. 4 p53 has a critical role in mediating cell cycle arrest and cell death, which occurs via transcription-dependent and -independent mechanisms. 5 As a transcription factor, p53 regulates a variety of target genes connected with cell fate (cell cycle arrest, apoptosis, autophagy and senescence, for example) and metabolic reprogramming. [5] [6] [7] Further, its ability to function as a transcription factor is influenced by a complex array of posttranslational modifications and cofactors. 6, 8 Strap is one such cofactor that regulates p53 transcriptional activity under a variety of cellular conditions. 9 Upon DNA damage, for example, it is phosphorylated by the DNA damage signalling ATM and Chk2 kinases, resulting in Strap stabilisation, altered cellular location and enhanced p53 activity. 10, 11 An analysis of the three-dimensional structure of Strap highlighted its unusual domain organisation, being composed of tandem TPR motifs together with an OB-fold, with both domains required for it to function in the p53 response. 12 The location of phosphorylated residues in Strap suggested a structural model whereby Strap unfolds to become more accessible during the DNA-damage response. 12 It has become increasingly evident that p53 is able to modify a variety of metabolic pathways, including glycolysis and oxidative phosphorylation, enabling cells to respond to metabolic stress. [13] [14] [15] [16] [17] Further, p53 is essential for cell survival under glucose deprivation and in tumour cells under metabolic stress is able to augment apoptosis. 13, 16 Some studies have even suggested that the ability of p53 to act as a tumour suppressor may be influenced by its role in metabolic regulation, rather than its ability to influence apoptosis, senescence or cell cycle arrest. 18 In addition to its established transcription-dependent mechanisms, p53 also induces apoptosis in a transcriptionindependent fashion through its localisation to mitochondria. 19 At mitochondria, p53 interacts with and regulates Bcl2 family members, such as Bax and Bak. [20] [21] [22] This allows p53 to influence the intrinsic pathway of apoptosis through the release of soluble proteins, like cytochrome c, which then initiate caspase activation in the cytosol. 23 The release of cytochrome c occurs as a consequence of compromised integrity of the outer mitochondrial membrane, referred to as mitochondrial outer membrane permeabilisation (MOMP). 20, 21 Bax and Bak oligomerise at the mitochondrial membrane influencing MOMP and the subsequent release of pro-apoptotic factors, such as cytochrome c.
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In continuing the analysis of Strap and its role in regulating p53 biology, we have uncovered a new and hitherto unexpected level of control. Remarkably, we have found that Strap is, like p53, localised to mitochondria and identified one of its key interaction partners as mitochondrial ATP synthase.
This interaction causes reduced ATP synthesis which, in turn, sensitises cells to mitochondrial-dependent apoptosis. Most significantly, mitochondrial Strap augments apoptosis stimulated by the mitochondrial arm of the p53 response. These results highlight an unanticipated overlap and convergence in the pathways affected by Strap and p53 and provide further support for their interplay in transcription and metabolism.
Results
Strap locates to mitochondria and regulates ATP synthase. To further explore Strap's subcellular localisation, we prepared fractions from different cell types and measured the level of Strap in total lysate, mitochondria and cytoplasm. Surprisingly, we identified Strap in the mitochondrial fraction (Figure 1a) , which was evident when mitochondria were prepared according to different methods and in a variety of cell types (Figures 1a-c and Supplementary Figure S1a) .
We therefore considered the possibility that Strap may interact with mitochondrial proteins. To facilitate an analysis of Strap's mitochondrial role, we made a derivative of Strap that was exclusively directed to mitochondria using a targeting sequence taken from Bcl2 (referred to as L-Strap); as expected, L-Strap localised to mitochondria (Figure 1d ) and lacked any transcription cofactor activity on p53 (Supplementary Figure S1e) . We then immunoprecipitated L-Strap from cells, and any bound proteins were subsequently identified by mass spectrometry. The ATP synthase b-subunit was found to be a predominant interacting protein (Figure 1e ). The b-subunit is an essential component of ATP synthase, which is a large molecular complex localised at the inner mitochondrial membrane responsible for synthesising ATP by oxidative phosphorylation. 3 We verified that the ATP synthase b-subunit interacted with both wild-type and L-Strap by immunoprecipitation (Supplementary Figure S1b) , which was consistent with the co-localisation of L-Strap and ATP (Figure 2f ). Further, the interaction was relevant to endogenous Strap, which also co-immunoprecipitated with ATP synthase b-subunit in different cell types ( Figure 2a) ; the interaction was also detectable in purified mitochondria ( Figure 2b ). Thus, having established a biochemical interaction between Strap and ATP synthase, we then addressed whether the interaction was influenced by the metabolic status of cells. We therefore measured Strap in cells grown in galactose-supplemented (to promote oxidative phosphorylation) and glucose-supplemented (to promote glycolysis) medium. 25, 26 Strap protein levels increased under galactose compared with glucose-supplemented conditions in HCT116 cells (Figure 2c) , with a similar pattern apparent in mitochondrial fractions ( Figure 2d) ; moreover, this increase in Strap levels required p53 activity (Supplementary Figure S1g) . We then reasoned that the increased protein level might influence Strap binding to the ATP synthase b-subunit and tested this possibility by immunoprecipitating the Strap-ATP synthase complex. An enhanced interaction (three-fold) was apparent between Strap and the b-subunit in cells grown in galactosesupplemented compared with glucose-supplemented medium ( Figure 2e ).
As ATP synthase is the major regulator of cellular ATP, 3 we subsequently addressed whether Strap affected cellular ATP levels. Depleting Strap (with siRNA) under normal culture conditions resulted in enhanced cellular ATP levels (Figure 3a) , arguing that Strap influenced ATP production in cells growing in normal physiological conditions. Moreover, the effect of Strap on cellular ATP levels was pronounced in p53-expressing compared with mutant p53-expressing cells (Figure 3ai The effect of L-Strap on ATP levels was more pronounced in cells grown in galactose compared with glucose-supplemented medium (40% inhibition compared with 10%; Figure 3b ). Wild-type Strap also caused reduced ATP levels under galactose treatment, but this was, as might be expected, less than observed for L-Strap (15% compared with 40% inhibition; Figure 3bii ).
We then addressed whether the influence of Strap on ATP levels reflected a direct change in ATP synthase activity using an immune-capture assay that measured cellular ATP synthase activity. Although wild-type and L-Strap had a modest inhibitory effect on ATP synthase activity when harvested from cells cultured in glucose-supplemented medium, the effect was far more significant in cells grown in galactose-supplemented medium (Figure 3c ). In fact, L-Strap reduced ATP synthase activity to a level that was very similar to that caused by oligomycin treatment of cells, a smallmolecule antagonist which directly inhibits ATP synthase 27 (60% compared with 70%; Figure 3c ). Collectively, therefore the results indicate that Strap downregulates cellular ATP levels and suggest that this is achieved in part through interacting with mitochondrial ATP synthase b-subunit.
Strap augments mitochondrial-dependent apoptosis. Altered levels of cellular ATP have been implicated in regulating apoptosis. 28 We therefore explored the functional consequence of mitochondrial localised Strap by addressing whether L-Strap could sensitise cells to apoptosis and further if this occurred in an ATP-dependent fashion. At the same time, given the dependence of the Strap-ATP synthase interaction on p53 (Figure 2e and Supplementary Figure S1g ) and the interaction between Strap and p53 in mitochondria (Supplementary Figure S1c) , it was of interest to investigate whether Strap could influence the mitochondrial activity of p53. For this, we expressed L-Strap and monitored the level of apoptosis and observed that L-Strap was able to cause a modest increase in PARP cleavage (Figure 4a ).
L-p53 is a p53 derivative that is expressed in mitochondria (Supplementary Figure S1d; 22 ) and lacks any nuclear transcription activity (Supplementary Figure S1f) . When L-p53 was co-expressed with L-Strap, there was a marked increase in the level of cleaved PARP in both normal and UV light-treated cells compared with each one when expressed alone (Figure 4a ), consistent with an interaction between the proteins. The influence of p53 on the apoptotic activity of 
L-Strap was explored further in p53
þ / þ and p53 À / À HCT116 cells grown in the presence of galactose or glucose. In p53 þ / þ cells, the expression of L-Strap caused enhanced PARP cleavage in galactose-supplemented cells, which was less apparent in cells grown in glucose-supplemented medium (Figures 4b and c; compare PARP cleavage at 1 and 4 h, respectively). This contrasted with the effect of wildtype Strap, which had an equivalent effect on PARP cleavage regardless of the culture conditions (Figures 4b and c) . Further, the effect was not apparent in p53
À / À cells, where Strap had minimal influence on PARP cleavage (Figures 4b  and c) , thus establishing the dependency on p53 activity for mitochondrically localised Strap to mediate apoptosis. Notably, similar results were evident in U2OS cells (expressing wild-type p53), where L-Strap expression resulted in increased levels of apoptotic (sub-G1 DNA content) cells under galactose but not under glucose culture conditions, in contrast to SAOS2 (p53-defective) cells where L-Strap failed to influence apoptosis ( Supplementary Figures S2a and b) . Significantly, Strap was required for cytochrome c release from mitochondria, an effect which was similarly dependent upon p53 (Supplementary Figure S1c) . Moreover, the ability of L-Strap to influence apoptosis and the dependence on p53 activity occurred in the absence of activating p53 target genes, because in conditions where L-Strap induced apoptosis, it failed to activate a variety of p53 target genes connected with metabolism (e.g., GLUT4, TIGAR, SCO2, GLS2) contrasting with wild-type Strap (Supplementary Figure S2d) . These results show that mitochondrial Strap stimulates apoptosis and further that the ability of Strap to augment mitochondrial-dependent apoptosis requires p53 activity but occurs independently of transcriptional activity.
The relationship between Strap and its ability to downregulate ATP synthase activity, with the reduced level of cellular ATP and increase in mitochondrial-dependent apoptosis, prompted us to examine whether the level of cellular ATP was responsible for the enhanced apoptosis. We addressed this idea by testing whether we could rescue cells from apoptosis by supplying an extracellular source of ATP. Thus we induced mitochondrial-dependent apoptosis with L-Strap and UV light treatment and supplemented the medium with inosine, to provide an extracellular source of ATP. 29 Apoptosis was apparent upon expressing L-Strap and treating with UV light (Figure 4d ). Most significantly, in inosinesupplemented medium apoptosis was less evident, reflected as a reduction in the level of cleaved PARP in cells expressing L-Strap (Figure 4d ). These results argue that the reduced level of cellular ATP caused by targeting Strap to mitochondria is responsible for the heightened level of apoptosis.
Discussion
We have described a novel mitochondrial role for cofactor Strap in reprogramming cellular metabolism through its ability to influence oxidative phosphorylation. This is achieved by means of an interaction between Strap and ATP synthase, enabling Strap to downregulate ATP synthase activity and lower the level of cellular ATP. Significantly, a reduced level of cellular ATP, as a consequence of mitochondrially localised Strap, sensitised cells to apoptosis. This effect could be rescued by supplying an extracellular source of ATP. Our results thus connect Strap with mitochondria and suggest that it acts on ATP synthesis to influence the pool of available cellular ATP (Figure 4e) .
Mitochondrial ATP production is the main source of energy for intracellular pathways.
3 A large body of evidence connects the level of intracellular ATP with apoptosis; thus defective ATP production or excessive ATP consumption can lead to reduced activity of ATP-dependent ion pumps with subsequent apoptosis. 30 Moreover, cellular stress can often result in ATP depletion and manipulating cell metabolism also impacts on cell fate. 31 During apoptosis, a sufficient supply of ATP is necessary to favour apoptosome formation and trigger caspase activation, 32 and the severity of reduction in cellular ATP often determines the mode of programmed cell death. 32 A decrease in intracellular ATP can initiate cytochrome c release from the inner mitochondrial membrane and trigger apoptosis; 33 in this respect, overexpression of L-Strap resulted in a decrease in the ATP/ADP ratio and was able to sensitise the cells to p53-dependent apoptosis.
Studies have suggested a role for mitochondrial p53 in influencing MOMP during the early stages of p53-mediated apoptosis, which precedes its nuclear translocation during the DNA-damage response. 34, 35 Our data also support this model and suggest that similar to p53, Strap, in the early stages of the damage response, can be found at the mitochondria where it may influence mitochondrial MOMP and cytochrome c release. At the later stages of damage, both Strap and p53 take on a more nuclear localisation (Figure 4e) where Strap can function as a nuclear p53 co-factor. [9] [10] [11] Although our study supports a role of Strap in mitochondrial-dependent apoptosis, we cannot rule out the possibility that Strap, as a general stress-responsive p53 co-factor, may have a role in other p53 functions, such as p53-dependent necrosis. 36 It is also interesting to note that alterations in ATP levels would likely influence AMPK (AMP-activated protein kinase), which monitors cellular energy status. AMPK has been shown to phosphorylate and stabilise mitochondrial p53 leading to Bak oligomerisation and apoptosis. 37 It is possible that Strapmediated alterations in ATP levels could, in turn, impact on AMPK activity and this may feed-forward into p53 activity during metabolic reconditioning and would be of interest to evaluate in future studies.
Strap is a previously described p53 cofactor that undergoes nuclear accumulation upon DNA damage. 10 Its nuclear localisation is dependent on DNA-damage-activated protein kinases, mediated by both ATM and Chk2 kinases.
10,11 The results described here reveal an unexpected level of Strap control, through its localisation to mitochondria, interaction with ATP synthase and its subsequent influence on ATP production. Our results thus define a dual role for Strap that integrates metabolic reprogramming mediated by the key enzyme ATP synthase with the p53 response.
Materials and Methods
Cell lines, plasmids and expression vectors. U2OS, HeLa, SAOS2, H1299, HCT116 (p53 þ / þ and p53 À / À ) cells were maintained at 37 1C with 5% CO 2 . Strap and L-Strap stable inducible cell lines were created in U2OS cells using the TET-On gene expression system (Clontech, Saint-Germain-en-Laye, France). Cells were seeded in DMEM containing 5% foetal calf serum in the presence of antibiotics and were allowed to grow for 24-48 h. Cells were then washed twice with PBS and received glucose-or galactose-supplemented media for 24 h. Glucose-supplemented media consisted of 25 mM glucose and 2 mM glutamine supplemented with antibiotics, and the galactose-supplemented media consisted of glucose-free media with 10 mM galactose, 5 mM HEPES and 2 mM glutamine supplemented with antibiotics. 26 The following plasmids have previously been described: pcDNA3 HA-WT Strap, 9,10 pCMV-L-p53 was a generous gift from Prof Ute Moll 22 and p3xFlag-CMV-7.1 expression vector (Sigma, Dorset, UK). L-Strap was prepared by fusing the Bcl2 mitochondrial targeting signal (DFSWLSLKTLLSLALV-GACITLGAYGHK) onto the C-terminal region of Strap in HA-WT Strap. 9, 10 Antibodies. The following antibodies were used: Flag peptide M2 (Sigma), HA11 (Covance, Cambridge, UK), calnexin (Millipore, Nottingham, UK), cleaved PARP and cytochrome oxidase IV (Cell Signaling Technology, Leiden, The Netherlands), b-actin (Sigma), ATP synthase b-subunit (BD Pharmingen, Oxford, UK), PCNA, p53 and cytochrome c (Santa Cruz, Heidelberg, Germany) and Strap. Transfection. Cells were transfected using Genejuice (Novagen, Nottingham, UK), with the indicated plasmids. Empty pcDNA3.1 vector was used to equalise amounts of DNA transfected when necessary. For siRNA, cells were plated and transfected for 72 h using oligofectamine (Invitrogen, Paisley, UK) following the manufacturer's guidelines. A mixture of three siRNAs 11, 38 were used at a final concentration of 90 nM (Dharmacon, Lafayette, CO, USA).
Immunoprecipitation. Cells were harvested in TNN lysis buffer (150 mM NaCl, 50 mM Tris-HCl (pH 7.5), 5 mM EDTA, 0.5% NP40, 50 mM NaF, b-mercaptoethanol and 0.2 mM sodium orthovanadate) and protease inhibitor cocktail (leupeptin (0.5 mg/ml), pepstatin (0.5 mg/ml), aprotinin (0.5 mg/ml)). After 20-min incubation on ice, samples were spun at 16 000 Â g for 10 min. The cell extract was incubated with Flag agarose beads (Sigma) for 2 h at 4 1C. The beads were washed using lysis buffer three times. The beads were eluted using 500 mg of FLAG peptide in 25 mM Tris-HCl pH 6.5 at 1000 r.p.m. for 1 h. The samples were denatured and run on a SDS-PAGE gel and silver stained.
In-gel tryptic digestion and mass spectrometry. Following SDS-PAGE and silver staining, bands were excised and subjected to tryptic digestion as described. 39 Briefly, the excised bands were washed and subjected to a series of dehydration, reduction and rehydration. The gel pieces were dehydrated in 200 ml of acetonitrile before being reduced with 30 ml of dithiothreitol and 30 ml of iodoacetamide. This was followed by rehydration of the gel pieces in 200 ml of 50 mM ammonium bicarbonate. The bands were digested with 30 ml of trypsin, and the samples were extracted twice using extraction buffer (50% acetonitrile: 45% water: 5% formic acid). The samples were dried using a vacuum centrifuge and reconstituted with 20 ml of 97.9% water, 2% acetonitrile, 0.1% formic acid prior to mass spectrometry analysis. The individual tryptic peptides were analysed by LC-MS/MS. MS/MS spectra were analysed using the Mascot Software package (Version 2.2, Matrixscience, London, UK).
Immunostaining. Cells were seeded onto 13-mm glass coverslips and fixed with 3.7% formaldehyde (or formaldehyde followed by ice-cold methanol for ATP synthase b-subunit detection). Permeabilisation of the cells was performed for 5 min with 0.5% Triton X-100 in PBS followed by incubation with primary antibody for an hour at room temperature. Coverslips were washed with 0.025% Tween in PBS extensively before adding secondary antibody. Coverslips were mounted on microscope slides using Vectashield containing DAPI (4,6-diamino-2-phenylindole).
Mitochondrial fractionation. Mitochondrial fractions from cells seeded in 10-cm dishes were isolated using commercially available mitochondrial isolation kits, which used a reagent-based procedure (Pierce Biotechnology, Rockford, IL, USA) or Dounce homogenisation (Sigma-Aldrich, Nottingham, UK) to disrupt cells. Both kits used differential centrifugation to isolate intact mitochondria, and purification of mitochondria was performed as recommended by the manufacturer. Mitochondria purified from MCF-7 cells by sucrose gradient was a kind gift from Professor A Storey (University of Oxford) and commercially prepared pure mitochondria from bovine heart were purchased from MitoSciences (Eugene, OR, USA).
Cellular ATP measurement. The total ATP levels were measured as described previously 40 with slight modifications. Cells were seeded in 10-cm dishes.
In all, 50-75% confluent cells were harvested by removing the media, washing with PBS and adding 200 ml of 5% tricholoroacetic acid. The cells were centrifuged at 16 000 Â g for 5 min at 4 1C. The supernatant was removed to a fresh tube and immediately frozen at À 80 1C. The ATP was neutralised for analysis by extracting the defrosted samples with an equal volume (100 ml) of freon (1,1,2 trichlorotrifluorethane) and trioctylamine. The aqueous upper layer was removed, and 5-10 ml was injected for HPLC analysis as described previously. 40 ATP was identified and quantitated against commercially available ATP.
ATP synthase assay. ATP synthase activity from total cell lysates was measured by a kinetic colorimetric assay using the ATP synthase Specific Activity Microplate Assay kit (Abcam plc, Cambridge, UK) according to the manufacturer's instructions. Briefly, cells were detergent-extracted, and the ATP synthase was immune-captured within the 96-well plates. The ATP synthase activity was measured as the rate of ATP being hydrolysed to ADP. The production of ADP is coupled to the oxidation of NADH to NAD þ , which was measured by absorbance at 340 nm using a POLARstar Omega multimode plate reader (Tecan, Reading, UK). The ATP synthase activity was calculated by expressing the ATP synthase activity relative to the quantity of ATP synthase captured in each well.
RT-PCR. RNA was isolated from cells using the TriZol reagent according to the manufacturer's instructions. One milligram of RNA was reverse transcribed using moloney murine leukaemia virus reverse transcriptase (MMLV) and random hexamers. PCR was performed using PAQ5000 DNA polymerase using standard conditions. Sequences for primers: p53: Reporter assays. U2OS cells were seeded into 6-cm dishes and transfected with the appropriate plasmid DNA along with 100 ng b-galactosidase plasmid to monitor transfection efficiency. Cells were harvested 48 h posttransfection and lysed with 125 ml of reporter lysis buffer (Promega, Southampton, UK) and snap frozen and thawed at 371C. Luciferase activity was measured and normalised to b-galactosidase activity.
FACS analysis. Cells were seeded into 6-cm dishes and treated as appropriate before harvesting. Growth media were collected and adherent cells were lifted by adding 2 ml of trypsin per dish. The cells were pelleted (1000 r.p.m.) for 5 min at 4 1C and washed once with PBS. The cells were fixed overnight in ice-cold 70% ethanol/PBS (v/v). Fixed cells were washed once with PBS and stained in 4% (v/v) propidium iodide in the presence of 125 U/ml RNAse A. Stained cells were analysed by using flow cytometry (Accuri C6, BD Bioscience, Oxford, UK).
